A soluble enzyme that transfers D-glucose from uridine diphosphate D-glucose to low molecular weight hydroxvl compounds has been discovered in germinating mung bean (Phaseolus aureus) seeds and purified 220-fold. Phenol and n-butyl alcohol are the most reactive acceptors examined. The reactivities of various acceptors are largely independant of hydroxyl group acidities or of the electronic properties of the acceptors. The space-filling properties or length of the acceptors, on the other hand, appear to be the predominant controlling factor which determines their relative abilities to accept D-glucose, the ideal size being that of phenol and nbutyl alcohol. The enzyme is deactivated by p-chloromercuribenzene sulfonate; dithiothreitol imparts considerable stabilization to the enzyme. It does not require exogenously added metal ions but is slightly stimulated by magnesium ion. On the other hand, the enzyme is partially inhibited by 10 nim manganous ion, cobalt ion, ferrous ion, and ethylenediaminetetraacetate. Zinc ion at 10 mM concentrations strongly inhibits the enzyme. The molecular weight of the enzyme, determined by gel filtration, is approximately 62,000.
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Enzymatic glycosylations using sugar nucleotide substrates have been observed for several types of nonpolysaccharide acceptor molecules. The acceptors have included isoprenoid phosphates (3, 10) , phenolic compounds (2, 15. 16), sterols (9) , sugars (1, 6) and alcohols (5, 7) .
In an earlier communication (13) , it was reported that dithiothreitol is glucosylated with UDP-D-glucose and particulate enzyme preparations from germinating pea and mung bean seeds. This paper describes subsequent studies demonstrating that primary alcohols and phenols are much more efficient acceptors than DTT4 and that most of this enzyme resides in the soluble extracts of the seed. GDP-D-Glucose-'C (194 mCi/mmole) was purchased from International Chemical and Nuclear Corporation. Other radioactive glucose nucleotides of unspecified activity were synthesized in this laboratory. These nucleotides were found to be of greater than 75% purity by paper chromatographic analysis. n-Butyl glucoside was prepared by refluxing 10 ml of ni-butyl alcohol with 0.5 g of D-glucose in the presence of 10 mg of p-toluenesulfonic acid. s-Butyl cyanohydrin was prepared according to the method of Hahlbrock and Conn (7) . /3-Glucosidase (emulsin; from almonds) was purchased from Sigma Chemical Co. The remainder of the chemicals were purchased from Sigma Chemical Co. and Aldrich Chemical Co.
MATERIALS AND METHODS
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Analytical Methods. Descending paper chromatography was conducted on Whatman No. 1 chromatography paper using 12:3 :5 n-butyl alcohol-acetic acid-water (solvent 1) and 15:5:3 methyl ethyl ketone-acetone-water (solvent 2). The radioactive chromatograms were analyzed by cutting the paper into 1-cm strips and counting each in 10 ml of Liquifluor (New England Nuclear) toluene scintillation fluid on a Mark 1 Nuclear Chicago liquid scintillation counter. Reference glucosides were located on nonradioactive chromatograms with silver nitrate-acetone spray (14) .
Protein analysis was performed by either the Lowry method (1 1) or by measuring absorbance at 280 nm.
Enzyme Purification. Mung beans (Phaseoluts alureuls) were germinated in the dark at 20 C to 25 C for 36 hr. The hulled seeds (64 g) were homogenized in a cold mortar with sand in the presence of 64 ml of 0.1 M potassium phosphate buffer, pH 7.5, containing 5 mm DTT and 5 mm EDTA. The homogenate was squeezed through cheesecloth and centrifuged at 35O000g for 30 min. The pellet was discarded, and the supernatant solution (81 ml) was treated by dropwise addition of 24 ml of freshly prepared 2% protamine sulfate. After remaining for 15 min at 0 C, the mixture was centrifuged at 35,000g for 
RESULTS
The D-glucosyltransferase was purified 220-fold by protamine sulfate treatment, fractional ammonium sulfate precipitation, Sephadex G-100 gel filtration, and DEAE-Sephadex ion exchange chromatography. The purification is summarized in Table I . The stability of the active enzyme appeared to decrease as it became purer. The crude ammonium sulfate preparation could be frozen in liquid nitrogen with only small losses in activity. Attempts to store the purified enzyme solutions by freezing, however, resulted in complete loss of activity. The enzyme at all stages of purification was deactivated rapidly by vigorous mechanical stirring. Likewise, attempts to concentrate the enzyme by ultrafiltration even with slow stirring resulted in deactivation. The half-life of the enzyme's activity at 4 C in the absence of DTT or EDTA was about 10 hr. Both of these compounds stabilized the enzyme, and together they extended its active half-life to over 1 week at 4 C. The mol wt of the D-glucosyltransferase was estimated to be 62,000 by Sephadex G-100 gel filtration.
The D-glucosyltransferase does not require the addition of multivalent metal ions in order to function. However, Table II shows that 10 mm concentrations of magnesium ion stimulate the enzyme. Manganous, cobaltous, and ferrous ions, on the other hand, inhibit its action, and zinc ion affords nearly complete inhibition. EDTA at 10 mm concentrations also slightly inhibits the enzyme. The rate of glucosylation is directly dependent on protein concentration in the range of 0 to 9.4 ,ug/ml. The rate of glucosylation is linear with respect to time for the first 10 to 20 min of the reaction but gradually slows down with increasing time. This occurs even though only 10% of the UDP-Dglucose has been consumed after 2 hr, which is apparently the result of a gradual loss of activity at 27 C.
The pH dependence of the D-glucosyltransferase activity is illustrated in Figure 1 . The pH optimum for glucosylation of both phenol and n-butyl alcohol is between 9 and 11. The pH profile for phenol, however, appears to be more complex, showing a shoulder at pH 6 to 7.
The stoichiometry of the product formation in the glucosylation of phenol is summarized in Table III . The measured ratios of phenyl glucoside production to that of UDP appear to be close to one.
Larger amounts of radioactive phenyl and n-butyl glucosides were synthesized using the D-glucosyltransferase reaction and were purified by descending paper chromatography. The mobilities of the two glucosides corresponded to those of authentic samples when subjected to descending paper chromatography with solvents 1 appears to lower its reactivity. The effect of chain length versuts rate for the primary aliphatic alcohols is shown in Figure 2 .
The specificity with respect to radioactive sugar nucleotides was tested using the following substrates: UDP-D-glucose, GDP-D-glucose, ADP-D-glucose, and TDP-D-glucose. Phenylglucoside synthesis was negligible with all of these sugar nucleotides except UDP-D-glucose.
The dependence of glucosylation rate upon acceptor concentrations is illustrated in Figures 3 and 4 . The Km and Vma.
values of the D-glucosyltransferase with respect to several acceptors are listed in Table V . The aromatic acceptors display varying degrees of substrate inhibition above 0.2 mm concentrations. Because of the gradual decrease of enzyme activity addition, use of much less acidic aliphatic acceptors does not appreciably alter the rate. Among the primary aliphatic alcohols, n-butyl alcohol is the most reactive acceptor. As in the aromatic series, any addition to the molecule lowers the rate of glucosylation. By the use of models, Figure 6 illustrates the relative spacefilling characteristics of phenol and n-butyl alcohol. With n-butyl alcohol in a nearly eclipsed conformation, the lengths of both molecules are almost identical, and their space-filling properties are similar. Figure 7 correlates the rates of glucosylation with the sizes of the substituents added to phenol. This correlation strongly suggests that the rates are very sensitive to the size of the acceptor. The graphs illustrate the relationship for the following acceptors: n-butyl alcohol (0) and n-hexyl alcohol (0). Assays were conducted under standard conditions except that acceptor concentrations were varied as indicated. The relative insensitivity of rate to substrate acidity or substrate electron-withdrawing properties indicates that the ratedetermining step in the enzymatic glucosylation is not the same as it would be in the nonenzymatic glucosylation. Nonenzymatic hydrolysis of a-phenol glucosides fits the Hammett correlation (4) , and the correlation probably also holds for nonenzymic glucosylation. The occurrence of inversion of configuration at the glucosidic linkage in the enzymatic reaction rules out a ping-pong mechanism involving a glucosyl-enzyme intermediate (8) . More extensive kinetic studies will be required to elucidate details of the mechanism of this enzyme-catalyzed reaction.
The identity of the natural acceptor of this enzyme is not resolved at this time. The higher pH maximum of 9 to 10 is more characteristic of that observed with enzymes that transfer sugars from sugar nucleotide donors to aliphatic acceptors (7, 16) . Enzymes involved in the glycosylation of aromatic compounds generally display lower pH maxima in the 6 to 8 range (15). The relatively low selectivity of the enzyme with respect to various small acceptor molecules and the low Kini values for all of the acceptors studied suggest that the role of the enzyme in the plant is that of a glucosylating catalyst for several hydroxyl-containing substances of low mol wt, perhaps for the purpose of detoxification. Another possibility is that it is involved in the germination process, as it appears to exist almost exclusively in seeds during the first few days of germination: little of the enzyme has been detected in shoots (13) .
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